The cell plasma membrane (PM) is a highly dynamic and heterogeneous lipid environment, driven by complex hydrophobic and electrostatic interactions among the hundreds of types of lipid species. Although the biophysical processes governing lipid lateral segregation in the cell PM have been established in vitro, biological implications of lipid heterogeneity are poorly understood. Of particular interest is how membrane proteins potentially utilize transient spatial clustering of PM lipids to regulate function. This review focuses on a lipid-anchored small GTPase K-Ras as an example to explore how its C-terminal membrane-anchoring domain, consisting of a contiguous hexa-lysine polybasic domain and an adjacent farnesyl anchor, possesses a complex coding mechanism for highly selective lipid sorting on the PM. How this lipid specificity modulates K-Ras signal transmission will also be discussed. These diverse lipid compositions yield dynamic, heterogeneous membrane environments, the exact purpose for which is still not well understood. It has been relatively well established that various local lipid domains, which form as a result of lipid heterogeneity in membranes, can contribute to membrane protein oligomerization, downstream effector binding and signal transduction.
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K E Y W O R D S
plasma membrane, lipid anchored, small GTPases, K-Ras, polybasic domain, phosphatidylserine Mammalian cells actively maintain a precise composition of >1000 lipid species across various cellular membrane compartments. 1, 2 These diverse lipid compositions yield dynamic, heterogeneous membrane environments, the exact purpose for which is still not well understood. It has been relatively well established that various local lipid domains, which form as a result of lipid heterogeneity in membranes, can contribute to membrane protein oligomerization, downstream effector binding and signal transduction. 3 Because different lipid domains possess distinct mechanical and electrostatic properties, it is crucial that each membrane protein possesses the ability to select, or generate, appropriate lipid domains for optimal function. In this review, we use K-Ras, a lipid-anchored small GTPase, as an example, to discuss recent advances in understanding how a simple prenylated membrane anchor enriched with basic residues encodes highly specific information for lipid sorting on the plasma membrane (PM).
| RAS PROTEINS ARE LIPID ANCHORED AND SPATIALLY SEGREGATED ON THE PLASMA MEMBRANE
Ras proteins are small GTPases that are frequently mutated in human cancer. [4] [5] [6] There are 4 Ras isoforms ubiquitously expressed in mammalian cells: H-Ras, N-Ras and K-Ras splice variants K-Ras4A
and K-Ras4B. These Ras isoforms have highly conserved G-domains (amino acids 1-165, sharing 95% sequence homology), but distinct Cterminal hypervariable regions (HVRs) (amino acids: 166-188/89, with <20% sequence homology) that end with a conserved C-terminal CAAX motif. Although Ras proteins share a common set of effectors and regulate the same set of signaling cascades, they display an isoform-specific capacity to activate these pathways. 4, 7 For example, K-Ras4B, hereafter referred to simply as K-Ras, is more efficient in recruiting the effector RAF to the PM to activate mitogen-activated protein kinase (MAPK), whereas H-Ras more efficiently activates phosphoinositol 3-kinase. 8, 9 In terms of biology, K-Ras is uniquely required for normal mouse development, and mutations in K-Ras are most prevalent in human tumors. [10] [11] [12] [13] Given the high homology among their G-domains, Ras isoform signaling specificity potentially originates from the divergent HVR sequences and their distinct interactions with PM constituents. 7 All Ras isoforms are synthesized in the cytosol and posttranslationally modified by protein farnesyl transferase, which adds a 15-carbon polyunsaturated, branched farnesyl chain to the cysteine (Cys)
residue of the C-terminal CAAX box. 14 Farnesylated Ras is then further processed on the endoplasmic reticulum, where Ras and a-factor converting enzyme removes the AAX tripeptide. 15, 16 Isoprenylcysteine carboxyl methyltransferase then methyl-esterifies the α-carboxyl group of the now C-terminal farnesylated cysteine. 17, 18 H-and N-Ras undergo further lipid modification by palmitoyl transferases, which attach dual palmitoyl chains to Cys181 and Cys184 of H-Ras but a single palmitoyl chain to Cys181 of N-Ras. 19, 20 K-Ras, does not undergo palmitoylation but uses a hexa-lysine polybasic domain (PBD, Lys 175-180) in concert with C-terminal farnesylation for PM anchoring. 21 H-and N-Ras access the PM via the classic vesicular secretory pathway, whereas K-Ras gains access to the PM via the recycling endosome. 22 Thus, all Ras isoforms use a 2-signal system for efficient PM association: signal 1 involves a C-terminal farnesyl chain commonly shared among all 3 isoforms; signal 2 involves the dual palmitoyl anchors on H-Ras, a single palmitoyl chain on N-Ras and a PBD on K-Ras. Unlike other Ras isoforms, the farnesylated but unpalmitoylated N-Ras is also incorporated in highmolecular-weight (HMW) complexes in the cell cytosol. 23 Key components of these HMW complexes include VPS35, VPS29 and VPS26A, constituents of the cargo recognition unit of the retromer. 23, 24 VPS35 facilitates N-Ras trafficking between the PM and endomembranes. 23 Their distinct C-terminal anchors allow each Ras isoform to interact with distinct hydrophobic, hydrophilic or charged constituents of the PM in a complex but specific manner. [25] [26] [27] These hydrophobic and/or electrostatic interactions between the anchors and membrane lipids drive the spatial segregation of Ras isoforms into nanometer-sized domains, termed nanoclusters. Ras nanoclustering can be visualized using immunogold labeling and electron microscopy (EM) with the observed gold particle patterns quantified using spatial statistics. [25] [26] [27] [28] [29] [30] [31] EM spatial analysis has been complemented by live cell imaging, including single-particle tracking, raster image correlation spectroscopy, fluorescence correlation spectroscopy, fluorescence recovery after photobleaching and photoactivated localization microscopy. [32] [33] [34] Coarse-grained molecular dynamic simulations also predict similar clustering behavior of Ras anchors on lipid bilayers in silico. 35, 36 Together these studies suggest that~56% of Ras molecules exist as freely diffusing monomers or dimers and~44% of Ras molecules exist in higher order oligomers and nanoclusters. 7, 37 Ras nanoclusters have a diameter of~16 nm, contain~5 to 6 Ras molecules 7, 37 and are highly dynamic with lifetimes in the range of 0.1 to 1 seconds. 32 Because both the G- 37 Here, we will focus on latest advances in understanding K-Ras lipid sorting and its potential biological implications. In vitro experiments using synthetic model bilayers further show that full-length K-Ras, or its minimal membrane anchor, localizes preferentially to cholesterol-depleted, liquid-disordered domains. 47 In more Figure 1G ). 30 Thus, K-Ras PM binding and lateral spatial segregation depends on PtdSer acyl chain composition. Specifically, only asymmetric PtdSer can be assembled into K-Ras nanoclusters. In support of these data, asymmetric PtdSer supplementation alone was able to restore K-Ras RAF interactions on the PM after PtdSer depletion. 30 Thus, K-Ras selectively sorts and assembles asymmetric PtdSer species into nanoclusters for effector recruitment and activation.
| PRECISE STRUCTURAL DYNAMICS OF THE K-RAS MEMBRANE ANCHOR ARE THE BASIS OF HIGHLY SELECTIVE PTDSER AFFINITY
Traditionally, PBDs have been thought to be simple charge sensors that only detect changes in global electronegativity on membranes.
So what is the source of anionic lipid-binding specificity encoded in with a loss of specificity for lipid head groups. 30 Additional spatial analysis shows that the geranylgeranylated K-Ras.K177Q and K-Ras.
K178Q mutants behave differently from their farnesylated cognates. 49 This is consistent with the view that prenyl anchors influence K-Ras PBD conformational sampling and selective lipid sorting on the cell PM. In sum, these experiments show that the precise PBD sequence in concert with the prenyl group comprise a cryptic code for anionic lipid-binding specificity which is realized by distinct conformational dynamics of the anchor.
| THE K-RAS G-DOMAIN ADOPTS DISTINCT ORIENTATION STATES TO CONTRIBUTE TO PTDSER SORTING
Although the C-terminal anchor is the main contributor to K-Ras PM association and nanoclustering, the G-domain also plays an important role in regulating membrane interactions. Extensive AA-MD simulations show that on a bilayer enriched with PtdSer lipids the G-domain of activated K-Ras.G12V exists in 2 main orientation states (OS). 50 In OS1, helices 3 and 4 contact the bilayer, whereas in OS2 loops β1-3
and helix 2 interact with the bilayer. 50 In each OS, distinct polar (mostly basic and some acidic) residues closely associate with PtdSer head groups in the bilayer. 50 Specifically, Lys101 and Arg135 in OS1, but Arg73 and Arg102 in OS2, dominate the interactions with PtdSer. 50 This is consistent with EM spatial analysis and FLIM-FRET experiments, where mutating Arg73 to the oppositely charged glutamate disrupts K-Ras.R73E nanoclustering. 50 Further simulations using full-length K-Ras with residues 170 to 174 in the linker region mutated to glycines (Gly) show that K-Ras with a highly flexible polyGly linker adopts multiple orientations and no longer samples distinct states. 50 Thus, G-domain interactions with a PtdSer-enriched bilayer are reciprocally mediated by conformational sampling of the K-Ras Cterminal anchoring domain.
| PTDSER PM INTERACTIONS AS A REGULATOR OF K-RAS BIOLOGICAL ACTIVITY
As described above, PtdSer is a critical structural component of K- between H-and K-Ras (Figure 3 ). At PtdSer levels above and below the optimal range, the 2 Ras isoforms coalesce into mixed nanoclusters. 29 Non-linear control of spatial segregation in membranes has previously been observed with cholesterol in synthetic and cell culture systems, where 25% to 35% cholesterol is needed for optimal spatial segregation of membrane components. [53] [54] [55] [56] Constituents begin to coalesce into homogeneous mixtures when the cholesterol level is outside the optimal range. Indeed, acute cholesterol depletion also induces co-localization between H-and K-Ras. 51 
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In addition to protein-induced changes in PtdSer lateral availability, recent work has shown that PM depolarization enhances local aggregation of PtdSer and PIP 2 , while having no effect on PA and PIP 3 . 31 Although the exact mechanism is unknown, it is most likely caused by the alignment of intra-membrane dipoles of different PM lipids within the transmembrane electric field. 59-61 PM depolarization enhances K-Ras nanoclustering, as well as co-localization between KRas and PtdSer (Figure 4) , 31 thus the effect on K-Ras is a direct consequence of changes in PtdSer lateral availability in response to changes in the electric field. Concordantly, the phenomenon is specific to K-Ras, since H-Ras nanoclustering is completely insensitive to changes in PM voltage. 31 The voltage-dependent changes in K-Ras nanoclustering are independent of Ca 2+ flux. 31 These changes in K- PtdSer mediates spatial segregation between Ras isoforms. Efficient spatial segregation between H-and K-Ras, which is essential to optimal signal transmission, only occurs within an optimal and narrow range of PtdSer levels in the inner leaflet of the PM. Ras isoforms coalesce at PtdSer levels lower or higher than the optimal range Taken together, these studies show that as a result of selective sorting of PtdSer lipids, K-Ras nanoclustering and hence biological activity is linked to and de facto regulated by multiple membrane properties that influence PtdSer diffusion and lateral availability. This PtdSerdependence allows the gain in K-Ras signaling networks to be potentially modified in response to any change in the cell environment, such as temperature, acidity, electrostatics, mechanical forces, cell morphology changes and motility that modify anionic lipid diffusion in the PM. anti-depressants, such as desipramine, imipramine and amitriptyline, are also effective ASM inhibitors and preliminary data suggest that all of these drugs mis-localize PtdSer and K-Ras from the PM and disrupt KRas nanoclustering. 62 The mechanism of action of another pharmacological agent staurosporine, that also depletes PtdSer and hence K-Ras from the PM, 44 has recently been described. 63 Staurosporine depletes cells of ORMDL3, a negative regulator of the first step in SM biosynthesis, in consequence cells become loaded with SM, which again induces lysosomal dysfunction and PtdSer loss from the PM. 63 Following on from these studies, recent work suggests that there are many other critical enzymes in the SM metabolic pathway that are required to maintain PM PtdSer levels and hence K-Ras function. 62 As described in detail above, phosphorylation on Ser181 alters the 
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